Cleavage stimulation factor 64 kDa (CstF64) is an essential premRNA 3′ processing factor and an important regulator of alternative polyadenylation (APA). Here we characterized CstF64-RNA interactions in vivo at the transcriptome level and investigated the role of CstF64 in global APA regulation through individual nucleotide resolution UV crosslinking and immunoprecipitation sequencing and direct RNA sequencing analyses. We observed highly specific CstF64-RNA interactions at poly(A) sites (PASs), and we provide evidence that such interactions are widely variable in affinity and may be differentially required for PAS recognition. Depletion of CstF64 by RNAi has a relatively small effect on the global APA profile, but codepletion of the CstF64 paralog CstF64τ leads to greater APA changes, most of which are characterized by the increased relative use of distal PASs. Finally, we found that CstF64 binds to thousands of dormant intronic PASs that are suppressed, at least in part, by U1 small nuclear ribonucleoproteins. Taken together, our findings provide insight into the mechanisms of PAS recognition and identify CstF64 as an important global regulator of APA.
T he 3′ ends of almost all eukaryotic mRNAs are formed cotranscriptionally by an endonucleolytic cleavage and the subsequent addition of a poly(A) tail (1) (2) (3) (4) (5) . More than half of human genes produce alternatively polyadenylated mRNAs, and alternative polyadenylation (APA) has been increasingly recognized as a critical mechanism for eukaryotic gene regulation (6-11; reviewed in ref. 12) . How poly(A) sites (PASs) are recognized and how APA is regulated remain poorly understood, however. Here PAS refers to the region including the cleavage site (CS) and all of the major cis elements required for recruiting the 3′ processing machinery to this site. PAS recognition is mediated by protein-RNA interactions (3, 4) . For example, the two critical cis elements found in the majority of mammalian PASs, the AAUAAA hexamer and the downstream U/GU-rich element, are recognized by the essential pre-mRNA 3′ processing factors cleavage and polyadenylation specificity factor (CPSF) and cleavage stimulation factor (CstF), respectively (3, 4) . In vitro studies have shown that CPSF and CstF bind to RNAs in a synergistic manner (13) (14) (15) . CstF is composed of three subunits, CstF77, CstF50, and CstF64 (16) . CstF64 binds directly to RNA via its RNA recognition motif (RRM) (17) . CstF64τ is a paralog of CstF64, and the two proteins have similar domain structures (18) . CstF64τ has been isolated as a part of the CstF complex (19) , but its functions in mRNA 3′ processing remain poorly understood. Although the AAUAAA hexamer is highly conserved, the downstream U/GU-rich elements are much more heterogeneous, and how CstF64 recognizes such divergent sequences is unclear (3, 4) . CstF64 is also an important regulator of APA. For example, an increase in CstF64 protein levels during B-cell differentiation leads to a switch from the distal PAS containing a strong CstF64 binding sequence to a weaker proximal PAS in the IgM pre-mRNAs, resulting in the switch of IgM protein products from a membranebound form to a secreted form (20) . A similar mechanism has been proposed to control the APA of nuclear factor of activated T-cell c (NF-ATc) mRNAs in effector T cells (21) . How CstF64 regulates APA globally remains unknown, however.
To comprehensively characterize the functions of CstF64 in vivo, we mapped the CstF64-RNA interactions in human cells at the transcriptome level. In addition, we characterized CstF64-mediated global APA regulation by quantitative RNA polyadenylation profiling of CstF64-expressing and CstF64-depleted cells. Taken together, these data provide significant insight into the mechanisms of PAS recognition and APA regulation.
Results
Mapping CstF64-RNA Interactions in Vivo at Single Nucleotide Resolution by Individual Nucleotide Resolution UV Crosslinking and Immunoprecipitation Sequencing. We set out to map the CstF64-RNA interactions in vivo by individual nucleotide resolution UV crosslinking and immunoprecipitation sequencing (iCLIP-seq) (22) . CstF64 was efficiently crosslinked to RNAs in vivo by UV irradiation, and CstF64-RNA complexes were specifically immunoprecipitated by anti-CstF64 antibodies (Fig. S1A, lane 2) . When the cell lysate was treated with RNase I before immunoprecipitation, a sharper band of ∼70 kDa was observed (Fig. S1A , lane 1), corresponding to CstF64 crosslinked to short RNAs. When UV irradiation was omitted (−UV) or when immunoprecipitation was carried out with protein A beads alone (with no Ab), no CstF64-RNA complex signal was detected (Fig. S1A, lanes 3-8) . In addition, when CstF64 iCLIP-seq was performed using cells in which CstF64 had been depleted by RNAi, the signals for CstF64-RNA complexes were significantly diminished (Fig. S1A , lanes 9 and 10). Taken together, these results demonstrate that our iCLIP-seq procedure was highly specific. To further ensure data quality, three independent replicate iCLIP-seq libraries were prepared and sequenced.
The three replicate datasets of CstF64 iCLIP-seq were highly consistent (Fig. 1A) . To quantitatively assess the reproducibility of our data, we carried out the following analyses. We first calculated the percentage of CstF64 crosslinking nucleotides detected in multiple replicate experiments using different minimum cDNA count (i.e, the number of crosslinking events) thresholds. Higher percentages of crosslinking sites were detected in two or more replicates when higher cDNA count thresholds were used (Fig.  1B) . For CstF64 crosslinking positions with cDNA counts of 10 or more, 85% of these sites were detected in at least two replicates, and 67% were detected in all three replicates. We next compared the frequency of all possible pentamers overlapping the crosslinking nucleotides, as described previously (22) , and found extremely high correlations among all three replicates (R 2 = 0.9994-0.9999; Fig. 1C ). These results demonstrate that our iCLIP-seq datasets were of high quality. For subsequent analyses, we focused on the 264,522 crosslinking sites that were detected in all three replicates.
Global CstF64-RNA Interaction Landscape. CstF64 iCLIP-seq mapping results are summarized in Fig. S1B . Comparing the observed read distributions and the expected frequencies based on the genomic compositions revealed that CstF64 RNA binding sites are highly enriched in the extended 3′ UTRs (annotated 3′ UTRs in Refseq genes plus 200 nt of downstream sequences) (Fig. 1D) , consistent with the known functions of CstF64 in mRNA 3′ processing. Based on previous in vitro studies (14, 15) , we hypothesized that CstF and CPSF bind to RNA together as a complex. Given that CPSF specifically recognizes the A(A/U)UAAA hexamer, we searched for this hexamer upstream of CstF64 crosslinking sites. Strikingly, A(A/U)UAAA was highly enriched in a discrete region 20∼50 nt upstream of CstF64 binding sites (Fig.  1E ). This observation strongly suggests that CPSF and CstF bind to many RNA sequences in vivo as a heterodimer.
We next characterized the CstF64 RNA-binding sequence specificity. When sequences of all nonoverlapping CstF64 crosslinking sites and 10 nt on either side were aligned, U was the most frequently seen nucleotide at almost all positions (Fig. S1C ). In keeping with this, when we searched for overrepresented hexamers in the same 21-nt regions based on z-scores, the most enriched hexamers were again highly U-rich (Fig. 1F) . These results demonstrate that CstF64 binds to U-rich sequences in vivo. As mentioned earlier, CPSF and CstF bind to many RNA sequences together (Fig. 1E) . To further examine the binding specificity of CstF64, we divided CstF64 crosslinking sites into two groups, those with A(A/U)UAAA within 40 nt upstream (AAUAAA + ) and those without A(A/U)UAAA within 40 nt upstream (AAUAAA − ). Interestingly, both z-score and Multiple Em for Motif Elicitation (MEME) analyses showed that GU-rich motifs were enriched in the AAUAAA + CstF64 binding sites, but U-rich sequences were overrepresented in the AAUAAA − sites (Fig. 1F  and Fig. S1D ). These data suggest that CstF64 binds to U-or GUrich sequences globally, and that its binding specificity in vivo is likely influenced by CPSF. that sequences 30-100 nt upstream of the CstF64 crosslinking sites were significantly more conserved than CstF64 crosslinking sites themselves and the downstream regions (Fig. S1E ). This pattern is consistent with the fact that CstF64 binding sites are fairly variable, and provides further evidence that upstream sequences, which most likely represent CPSF binding sites, play an important role in recruiting CstF64 to RNAs. To better understand the role of CstF64 in PAS recognition in vivo, we characterized the distribution of CSs and CstF64 binding sites relative to the upstream A(A/U)UAAA hexamers in 3′ UTRs. For global analyses of the CSs, we used our recently published PAS-seq analysis of HeLa transcriptome in which we mapped the CSs of more than 9,000 actively expressed genes (7) . Remarkably, the CSs displayed a sharp peak ∼20 nt downstream of the A(A/U) UAAA hexamers, whereas CstF64 binding sites were more broadly distributed, centered at ∼30 nt downstream of the A(A/ U)UAAA hexamer ( Fig. 2A) . These data suggest that CSs are generally located between CPSF and CstF RNA-binding sites at a relatively fixed distance (∼20 nt) from the A(A/U)UAAA hexamers. These results are consistent with previous in vitro studies and confirm the role of CstF64-RNA interactions in PAS recognition in vivo (3, 4) .
Consistent with the current model for PAS recognition, CstF64 binds RNA downstream of the CS at many PASs. For example, a cluster of CstF64 iCLIP tags was detected immediately downstream of the CS at the BASP1 PAS ( PASs may be less dependent on stable CstF64-RNA interactions. First, we compared the sequences of the top 1,000 (ranked by PASseq read counts) CstF64 CLIP + and CLIP − PASs between -100 nt and +100 nt relative to the CS. Over the entire region, CstF64 CLIP + PASs were significantly more A/U-rich than CLIP − PASs (Fig. S3A) . We next focused on the 40-nt sequence downstream of the CSs, the region in which most CstF64-RNA interactions occur ( Fig. 2A) . Within this region, CstF64 CLIP + PASs generally are more U-rich, whereas the CLIP − sites have a higher G content (Fig. S3B) Fig. S2C ) were synthesized. We used these RNAs in gel mobility shift assays with the recombinant CstF64 RRM domain (GST-CstF64-RRM), with SVL, a commonly used viral PAS substrate known to bind CstF64 (17) , as a positive control. CstF64-RRM was seen to bind to SVL as well as to BASP1 and RPS12; in contrast, no interaction was detected between CstF64-RRM and the two CLIP − PASs (Fig. 3A) . These results are consistent with our iCLIP-seq data and demonstrate that the CstF64 has lower affinity for CLIP − PAS sequences. Finally, we examined whether these two types of PASs have different requirements for CstF64-RNA interactions for recognition. Toward this end, we carried out in vitro cleavage/polyadenylation assays with HeLa nuclear extract in the presence of recombinant CstF64-RRM. We reasoned that if CstF64 interacts with RNA and such interactions are required for PAS recognition, then excess CstF64-RRM will act as a dominant negative factor by competing with the endogenous CstF64 for RNA binding, thereby blocking 3′ processing. In contrast, if CstF64 does not bind the PAS and/or if PAS recognition is less dependent on CstF64-RNA interactions, then adding excess CstF64-RRM will have little or no effect. Indeed, the addition of CstF64-RRM blocked the cleavage/polyadenylation of all three CstF64 CLIP + PASs but had little if any effect on the CstF64 CLIP − PASs (Fig. 3B ). We also examined the role of CstF64 in the recognition of CstF64 CLIP + and CLIP − PASs in vivo using the pPA-SPORT bicistronic reporter (Fig. S3C ), which follows a similar design principle as a previously described reporter (23) . In this system, the Renilla luciferase (Rluc)/Firefly luciferase (Fluc) ratio provides a quantitative measurement of the "PAS strength" of the tested sequences. Unexpectedly, the PAS activities (Rluc/Fluc) of (Fig. S3D) , likely due to the up-regulation of the redundant factor CstF64τ (Fig. 4A ), as discussed in more detail below. After double knockdown of CstF64 and CstF64τ, the activity of both BASP1 and PHB2 PASs decreased. However, because CstF64τ was still present in the double-knockdown cells (Fig.  4A ), our reporter assay results are inconclusive. Nonetheless, our iCLIP-seq and in vitro data demonstrate that CstF64-RNA interactions at PASs are highly variable in affinity, and evidence suggests that recognition of some CstF64 CLIP − PASs may be less dependent on stable CstF64-RNA interactions.
Global Analyses of CstF64-Mediated APA Regulation. To characterize the role of CstF64 in global APA regulation, we generated HeLa cell lines (CstF64-RNAi cells) that stably expressed specific shRNAs against CstF64 mRNAs. CstF64 was efficiently depleted in these cells, whereas CstF77 and CstF50 levels were not significantly affected (Fig. 4A) . Interestingly, these cells exhibited no apparent growth defects. We then isolated total RNAs from control HeLa cells and CstF64-RNAi cells and performed direct RNA sequencing (DRS) using the Helicos platform to quantitatively map RNA APA profiles. Because RNAs are directly sequenced without reverse-transcription and PCR amplification, DRS is a highly quantitative method (8) . Our comparison of the APA profiles in control HeLa cells and CstF64-RNAi cells identified 327 PASs with significantly different uses (Dataset S1). We identified 85 genes as high-confidence targets because they contained two alternative PASs that showed significant difference in use. Fifty-two of these 85 genes exhibited an increase in the relative use of the distal PAS in CstF64-RNAi cells (proximal-to-distal shift), whereas the other 33 genes demonstrated changes in the opposite direction (distal-to-proximal shift) (Fig. 4B , Left and Dataset S1).
Given the known function of CstF64 as an essential mRNA 3′ processing factor, the finding that depletion of CstF64 had a relatively small effect on the global APA profile was unexpected. Interestingly, we found significantly higher CstF64τ protein levels in CstF64-RNAi cells (Fig. 4A) . We next compared the RNA-binding specificity of CstF64 and CstF64τ using gel shift assays with purified GST-CstF64 or CstF64τ-RRM and the aforementioned CstF64 CLIP + (SVL, BASP1, RPS11) and CLIP − (RPS12 and PHB2) PASs. For all RNAs tested, the affinities of CstF64 and CstF64τ were almost indistinguishable (Fig. S4) . These results suggest that CstF64τ and CstF64 have overlapping RNA-binding specificities and may play redundant roles in mRNA 3′ processing. Thus, the enhanced levels of CstF64τ in CstF64-RNAi cells may compensate, at least partially, for the loss of CstF64.
To assess the specific role of CstF64 in global APA regulation, we knocked down CstF64τ in CstF64-RNAi cells to a level similar to that in control HeLa cells through transient transfection of siRNAs against CstF64τ (Fig. 4A, right than found in the CstF64-RNAi cells. We identified 201 genes as high-confidence targets with two PASs that displayed significantly different use (Fig. 4B, Right) . There was significant overlap between the genes with significant APA changes in CstF64-RNAi cells and in CstF64&τ-RNAi cells (Fig. S5A) , and the regulated PASs in the two datasets also shared some sequence features (Fig. S5B) . Second, of the identified genes with APA changes, the majority (171 genes; 85%) exhibited a proximal-to-distal shift, whereas only 30 genes (15%) had changes in the opposite direction (Fig. 4B) . We validated our APA analyses results on six selected target genes through quantitative RT-PCR (qRT-PCR) using primer sets targeting the common regions shared by both APA isoforms or the extended regions found only in the longer isoforms. For all six genes tested, the directionality of APA changes detected by the DRS analysis was confirmed by qRT-PCR (Fig. 4C) , suggesting that our DRS analyses of APA were highly reliable. In most cases, the magnitude of the APA changes was greater in CstF64&τ-RNAi cells than in CstF64-RNAi cells.
To understand the role of CstF64-RNA interactions in APA regulation, we compared CstF64 iCLIP signals in the PASs regulated by CstF64. We divided the genes with significant APA changes in CstF64&τ RNAi cells into "proximal-to-distal shift" and "distal-to-proximal shift" groups. For all of the genes within each APA group, we then plotted the total normalized iCLIP signals at the proximal and distal sites (see SI Materials and Methods for details). We detected similar levels of iCLIP signals at both proximal and distal PASs for genes in the proximal-to-distal group (Fig.  4D, Upper) . In contrast, the distal PASs had significantly higher CstF64 iCLIP signals compared with the proximal PASs for genes in the distal-to-proximal group (Fig. 4D, Lower) .
To gain mechanistic insight into CstF64-mediated APA regulation, we performed further analyses of the DNAJB6 and CSTF3 genes. Both demonstrated proximal-to-distal APA changes in CstF64&τ-RNAi cells (Fig. 4C and Fig. S6A ). We first compared the CstF64-RNA interactions at the proximal and distal PASs. We detected greater CstF64 iCLIP signals at the proximal PAS than at the distal PAS for both genes (Fig. S6A) . Consistent with the iCLIP data, in vitro gel mobility shift assays using GSTCstF64-RRM and RNAs from the two DNAJB6 PASs revealed that CstF64 has greater affinity for the proximal PAS (Fig. S6B) . Second, we measured the activities of the proximal and distal PASs of DNAJB6 and CSTF3 using reporter assays. Both distal PASs were significantly more active than the proximal PASs (Fig.  S6C ). In addition, for all PASs except the CSTF3 distal site, their activities decreased after CstF64&τ knockdown. We incorporated these results into a mechanistic model of CstF64-mediated APA regulation (Discussion).
Characterization of Intronic CstF64 Binding Sites. Almost half of the CstF64 binding sites are in introns (Fig. S1B) . Several lines of evidence suggest that many of these intronic CstF64 binding sites constitute parts of functional PASs. First, there is a significant enrichment of A(A/U)UAAA within 20∼50 nt upstream of intronic CstF64 crosslinking sites (Fig. S7A) , suggesting that CstF and most likely CPSF are recruited to these intronic sites. Second, intronic CstF64 binding sites are more conserved than random intronic sequences (Fig. S7B ). We next directly tested whether intronic CstF64 binding regions can function as PASs using reporter assays. We tested three CstF64-bound intronic regions from the BASP1, CMIP, and NR3C1 genes (Fig. S7C) , each spanning a cluster of strong CstF64 crosslinking sites and the closest upstream A(A/U)UAAA hexamer. We used the strong viral PAS, SVL, as a positive control. The Rluc/Fluc ratio for the tested intronic CstF64 binding sites ranges from ∼2% (for BASP1) to >15% (for CMIP and NR3C1) of the SVL PAS (Fig.  S7C) . Finally, our in vitro cleavage/polyadenylation assays further confirmed that the intronic CstF64 binding sites from the CMIP and NR3C1 genes can support 3′ processing in HeLa nuclear extract (Fig S7D) .
Using a stringent standard (cDNA counts of ≥5 and reproduced in all three replicates), we identified 9,584 high-confidence intronic CstF64 binding sites. However, our PAS-seq analyses showed that <2% of active PASs are found in introns (7) . How are most intronic PASs suppressed? Based on previous studies (24, 25) , we hypothesized that CstF64-bound intronic PASs are suppressed by U1 small nuclear ribonucleoproteins. To test this hypothesis, we took advantage of the recently published Affymetrix GeneChip human tiling array analyses of total RNAs isolated from HeLa cells treated with control or U1 antisense morpholino oligos, which blocks U1 binding to RNAs (25) . For example, their analyses detected an abrupt decrease in RNA signals in the introns of the CMIP, BASP1, NR3C1, and HSPA4 genes, indicating premature cleavage/polyadenylation at these sites (Fig. S8 A-D) . Strikingly, we found that each of these premature termination sites corresponds precisely to a prominent CstF64 binding site (Fig. S8 A-D, lower tracks) , suggesting that these CstF64-bound intronic PASs are activated when U1 is inhibited. To determine whether this phenomenon is general, we plotted the average tiling array signals surrounding all intronic CstF64 crosslinking sites. Significantly, we observed a sharp decrease in the U1 antisense morpholino oligo microarray signals upstream of CstF64 binding sites, but not at random intronic sites (Fig. S8E) . The cleavage/polyadenylation, as indicated by a transition from positive values to negative values in microarray signals, occurs 50∼100 nt upstream of the CstF64 crosslinking sites (Fig. S8E) . Taken together, these findings strongly suggest that U1 small nuclear ribonucleoprotein suppression of CstF64-bound intronic PASs is a widespread phenomenon, and that U1 inhibits 3′ processing at intronic PASs in a step after the recruitment of CPSF and CstF.
Discussion
A central question in mRNA 3′ processing is how PAS recognition is regulated. The first step in addressing this question is to comprehensively characterize the protein-RNA interactions for the core pre-mRNA 3′ processing factors. In this study, we generated a single-nucleotide resolution protein-RNA map for the essential pre-mRNA 3′ processing factor CstF64. In addition, we characterized CstF64-mediated global APA regulation. Integration of these data provides insight into the mechanisms of PAS recognition and APA regulation. Consistent with previous in vitro studies, we have shown that CstF64 recognizes many PASs in vivo through direct interactions with both U-rich and GU-rich sequences downstream of their CSs (Fig. 2) . Unexpectedly, however, our iCLIP-seq and in vitro biochemical data revealed that CstF64 interactions with PAS RNAs are of highly variable affinity (Fig. 3A) . Furthermore, our in vitro 3′ processing assays provided supportive evidence that the recognition of PASs with low CstF64 affinities may be less dependent on stable CstF64-RNA interactions (Fig. 3B) . However, our results do not rule out the possibility that CstF64 is physically present in the 3′ processing complex assembled on CstF64 CLIP − PASs. These results provide further evidence that mammalian PASs with different sequence features may rely on different protein-RNA interactions for their recognition. For example, the CPSF-AAUAAA interaction is believed to be essential for recognition of the majority of mammalian PASs (3, 4) . Approximately 30% of human PASs do not have the AAUAAA hexamer, however (26) . For some of these "noncanonical" PASs, cleavage factor I (CF Im) binding to UGUA motifs has been proposed to play a major role in recognizing these PASs (27) . Similarly, for CstF64 CLIP − PASs, different proteins may be responsible for recognizing the downstream sequences. Given that G-rich motifs are enriched at these PASs (Fig. 2D) , a possible candidate is heterogenous nuclear ribonucleoprotein H, which has been shown to bind to the G-rich sequences in SVL PAS and contribute to efficient PAS recognition (28) . Alternatively, CPSF and CF Im interactions with upstream sequences may be sufficient for the recognition of CstF64 CLIP − PASs. Thus, these results suggest the possible existence of diverse mechanisms for PAS recognition in mammalian systems.
The present study provides some important insight into the role of CstF64 in global APA regulation. First, our data reveal that CstF64 and its paralog CstF64τ have overlapping RNA-binding specificities and play redundant roles in APA regulation. The functional redundancy between the two proteins provides an explanation for our observations that CstF64 depletion had little effect on cell growth or the global APA profile, and that codepletion of both CstF64 and CstF64τ led to greater APA changes. Given that CstF64τ was still present in our CstF64/τ-RNAi cells (Fig. 4A) , the actual number of APA events regulated by CstF64 and CstF64τ may exceed those identified in this study. Second, our data suggest that CstF64 is an important global regulator of APA and in most cases promotes the use of proximal PASs (Fig. 4B) . We propose the following model for CstF64-mediated APA regulation. When CstF64 is abundant, it promotes efficient recognition of the proximal and weaker PASs through direct protein-RNA interactions. The 3′ processing at proximal PASs prevents the transcription and use of the distal PASs. In the presence of limited CstF64, however, recognition of the proximal PASs becomes less efficient, which allows the distal and stronger PASs to be transcribed and recognized by the 3′ processing machinery. Our results are consistent with those of previous studies showing that higher levels of CstF64 led to increased use of the proximal PASs in the IgM and NF-ATc mRNAs (20, 21) . Third, although CstF64 is believed to be a general 3′ processing factor, our results suggest that CstF64 depletion affects the APA of a specific subset of genes. Interestingly, a similar phenomenon has been reported in splicing, where changes in the concentration of core spliceosomal components regulate specific alternative splicing events (29) . This may be a common theme for the regulation of mRNA processing. Finally, a number of recent studies have reported widespread and systematic APA changes under varying physiological and pathological conditions (12) . Interestingly, systematic APA shifts to the distal PASs during stem cell differentiation and development are accompanied by a decrease in the mRNA levels of many core 3′ processing factors, including CstF64 and CstF64τ (7, 9, 30) . Our study provides direct evidence that a decrease in the protein levels of a general 3′ processing factor leads to largely unidirectional APA changes. It is important for future studies to examine whether, and if so, how, the protein levels of CstF64/τ and other core 3′ processing factors are regulated under different physiological conditions, and how these changes contribute to global APA regulation.
Materials and Methods
The iCLIP-seq analyses were carried out as described previously (22) . Direct RNA sequencing was performed by Helicos BioSciences as described previously (8) . All sequencing data have been submitted to the National Center for Biotechnology Information's Gene Expression Omnibus database (accession no. GSE40859). CstF64-RNAi cell lines were generated by transfecting HeLa cells with pSuperior-puro constructs and selecting stably transfected cells with puromycine. Single colonies were expanded and used for this study. GSTCstF64/τ-RRM was expressed in Escherichia coli and purified with glutathioneconjugated beads in accordance with the manufacturer's instructions (GE Healthcare Life Sciences). Gel mobility shift assays, in vitro cleavage/polyadenylation assays, and bioinformatic analyses are described in SI Materials and Methods.
ACKNOWLEDGMENTS. We thank Dr. Bin Tian for providing the scripts for motif analysis and Dr. Anne-Catherine Prats for providing reagents. Gel Shift Assay. RNA substrates were synthesized by T7 transcription in the presence of α-32 P UTP. RNAs (∼1.5 nM) were incubated with 0-60 μM GST-CstF64-RRM fusion protein in 10.6 μL of binding buffer [10 mM Hepes (pH 7.9), 50 mM NaCl, 0.5 mM MgCl 2 , 0.1 mM EDTA, 5% glycerol, 1 mM ATP, 10 mM creatine phosphate, 5 mM β-mercaptoethanol, 0.25 mM PMSF, 0.7 μg of Escherichia coli tRNA, and 1.4 μg of BSA) at 30°C for 10 min. Reaction mixtures were resolved on 5% nondenaturing PAGE gels.
In Vitro Cleavage/Polyadenylation Assay. In vitro cleavage/polyadenylation assays were carried out as described previously (1) . For the competition assays shown in Fig. 4B , 0-50 μM GSTCstF64-RRM fusion protein was added in the reaction.
Individual Nucleotide Resolution UV Crosslinking and Immunoprecipitation Sequencing. CstF64 individual nucleotide resolution UV crosslinking and immunoprecipitation sequencing (iCLIPseq) was performed as described previously with minor modifications using a polyclonal antibody (Bethyl A301-092A) (2). Three replicate iCLIP libraries were prepared and sequenced using the Illumina HiSeq platform. A total of ∼43 million reads that could be uniquely mapped to the human genome were obtained. By incorporating a random trinucleotide barcode, iCLIP-seq allows elimination of PCR artifacts and enables direct counting of cDNAs (2) . Once reads that truncate at the same genomic location and have the same random nucleotide barcode were combined, ∼33 million reads remained (∼11 million reads for each replicate), each representing a uniquely crosslinked RNA. Because the nucleotide immediately upstream of the start of each iCLIP tag corresponds to a protein crosslinking site, only the positions of the crosslinking nucleotides were retained in the final mapping results. The height of each peak, termed the cDNA count, reflects the amount of CstF64 crosslinking detected at this position.
Luciferase Assays. HeLa cells were transfected with pPASPORT plasmids, and cells were harvested at 24 h posttransfection. Luciferase assays were performed using the Promega Dual-Luciferase Reporter Kit following the manufacturer's instructions.
Bioinformatic Analysis. iCLIP-seq data analyses. Filtering and mapping.
Raw reads were demultiplexed using the sequencing barcode unique to each replicate, and an additional random trinucleotide identifying individual DNA molecules was clipped but kept as metadata. Reads with quality <20 for 10% or more of the bases were removed. The remaining reads were mapped to build human genome assembly 19 (hg19) using bowtie with parameters "bowtie -n 2 -m 1 -s 1" (up to two mismatch and only unique match to the genome allowed) (3). Mapped reads that truncated at the same sites and had the same trinucleotide barcodes were combined. After mapping, the base upstream of the 5′ end of each read was retained as the CLIP binding site, and the total number of reads sharing the same CLIP binding site on the same strand was used as the cDNA count at that position.
Data quality.
To assess data quality, we calculated the fraction of sites that had a minimum cDNA count in at least two of the three replicates. We also compared pentamer frequencies among the three replicates. For each pentamer, we counted the number of cross-linking sites in each replicate with which the pentamer overlapped and compared the overall frequencies of each pentamer across replicates. We found excellent agreement among the replicates (R 2 = 0.9999, 0.9994, and 0.9994) (Fig. 1C) . To determine the overall quality of our data signal and identify an acceptable threshold for considering a clip site a true positive, we estimated the false discovery rate (FDR) for our data as described previously (4) . For each gene, we counted the number of reads aligning to it and randomly placed an equal number of reads along the gene's length 100 times. For a particular cDNA count, h (height), we calculated the FDR at that count as (%background height ≥ h)/ (%foreground height ≥ h). We used a minimum cDNA count of three, which had an estimated FDR of 0.12%. We also required that each replicate be represented by at least one read at the retained binding sites.
Motif analysis. We first ranked all of the reproducible CstF64 crosslinking sites according to their cDNA counts. We then iteratively chose the crosslinking site with the highest cDNA count that did not overlap with the 21-nt region spanning a site that had been chosen previously. We analyzed a total of 36,859 nonoverlapping CLIP sites by checking for the presence of 6mer in the 21 bp surrounding all sites. For each binding site, we randomly sampled 100 21-bp windows from the similar regions (i.e., 5′ UTRs, exons, introns, 3′ UTRs, and intergenic regions). We used the mean and SD of the background site motif to calculate a z-score for motif enrichment. We further classified those CstF64 binding sites into two groups based on the existence of AWTAAA (representing AATAAA or ATTAAA) within the 40 nt upstream. We aligned the 20 most greatly enriched motifs using a previously published method (5), and generated sequence logos using WebLogo 3 (http://weblogo.threeplusone.com/) from their alignment. We used the same approach to perform motif analysis of the CstF64 CLIP + and CLIP − PASs. Distribution within genes. We assessed the overlap of CLIP binding sites with different gene regions. Our hierarchical classification first checked for overlap with 3′UTRs, then with 5′ UTRs, then with coding exons, then with introns, and finally with noncoding genes. All sites that did not overlap one of these categories were considered intergenic. Noncoding genes were derived from four separate data sources accessible from (i) the University of California Santa Cruz (UCSC) Genome Browser's Refseq noncoding genes; (ii) the wgRNA table (6) consisting of C/D and H/ACA box snoRNAs, scaRNAs, and microRNAs; (iii) the lincRNATranscripts table (7), consisting of large intergenic noncoding RNAs; and (iv) tRNAs (8) .
Conservation. We used the phyloP scores (9) from UCSC to summarize base-level conservation around CLIP binding sites (Figs. 3A and 4A ). For each CLIP binding site, we determined the average conservation in a window surrounding the site and plotted the SEM as a gray envelope. Also for each CLIP binding site, we sampled the overlapping 3′UTR (Fig. 3A) or intron (Fig.  4A ) 100 times to create a control distribution (gray line below). Analysis of direct RNA sequencing data. Sequencing and reads mapping.
Direct RNA sequencing (DRS) was performed by Helicos BioSciences, and DRS reads were aligned to hg19 using the indexDPgenomic tool in Helisphere (Helicos BioSciences). The uniquely mapped reads with a minimum mapped length of 25 and an alignment score of 4.0 were kept for further analysis. We first filtered all mapped reads for those arising from internal poly(A) priming as described previously (10) . We next identified individual poly(A) sites (PASs) by reversing 5′ ends of the non-internalpriming reads. To construct a consensus poly(A) annotation for downstream analysis, we used pooled data from both HeLa-Mock and CstF64-RNAi cells to iteratively cluster all individual PASs within 40 nt to its nearest PAS on the same chromosome strand. The weighted coordinate, calculated as the sum of the product of the coordinate of an individual poly(A) and its percentage of use in the whole cluster, was taken as the representative coordinate of the corresponding poly(A) cluster. The frequencies of poly(A) clusters in the different samples were calculated according to the above consensus coordinates of poly(A) clusters in the pooled data. Next, the poly(A)s residing in the whole gene region, including exons, introns, and the downstream 100-nt region of the terminal exon, were collected as possible poly(A)s of a certain gene [UCSC genes (hg19) and Ensembl genes (release 61)].
Alternative polyadenylation analysis. To compare the alternative polyadenylation (APA) profiles in HeLa and CstF64-RNAi cells or CstF64&τ-RNAi cells using DRS data, we first removed PASs that overlapped with snoRNA/scaRNA/snRNA regions and those that had none read in two of the three samples. For the remaining PASs, we used the Fisher exact test to compare the ratio of the DRS read counts of one PAS to the sum of the read counts of all of the other PASs within the same gene. The P values were adjusted by the Benjamini-Hochberg method for calculating the FDR. PASs with an FDR <0.05 were defined as significantly changed PASs. To create the scatterplot shown in Fig. 4B , we selected two PASs with the smallest P values for each gene with multiple PASs and calculated the corresponding proximal/distal ratio. In the figure, PAS pairs with an FDR <0.05 and log10(proximal/distal PAS read count) >0.2 are highlighted in red for proximal-to-distal switches and in blue for distal-toproximal switches.
Comparing DRS and iCLIP-seq data. For the analysis shown in Fig.  4D , for all genes in the group, we first normalized the iCLIP signals detected within 200 nt downstream of both the proximal and distal sites, by dividing the cDNA counts at each position by the total cDNA counts within this 400-nt region for each gene. We then summed the normalized iCLIP signals at each position for all of the genes within each group, and plotted these values on the y-axis.
Primer sequences for all qRT-PCR and plasmid constructions are available on request. UTRs and neighboring sequences. The y-axis is the average PhyloP conservation score of a nucleotide at a given distance from the crosslinking site. Random positions in the same 3′ UTRs were used as controls (lower line, labeled 
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